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THE INFLUENCE OF LIME TYPE, LIME
PERCENTAGE, AND CURING PERIOD ON THE
PROPERTIES OF LIME-SOIL MIXTURES WAS
INVESTIGATED. THIRTY-NINE REPRESENTA-
TIVE ILLINOIS SOILS WERE INCLUDED IN
THE EXTENSIVE LABORATORY TESTING
PROGRAM.
PLASTICITY PROPERTIES OF ALL THE
SOILS WERE REDUCED BY ALL COMBINATIONS
OF LIME TYPE AND PERCENTAGE. LIME
PERCENTAGE DID NOT GREATLY INFLUENCE
THE PLASTICITY REDUCTIONS ACHIEVED, BUT
THE FIRST INCREMENTS OF LIME ADDED WERE
MOST BENEFICIAL. LIME TYPE PRODUCED
SMALL BUT SIGNIFICANT EFFECTS.
THE STRENGTHS OF THE CURED MIX-
TURES WERE INFLUENCED BY MANY FACTORS.
SOIL TYPE WAS THE MOST IMPORTANT. FOR
REACTIVE SOILS, GOOD STRENGTH INCREASES
WERE OBTAINED WITH ALL LIME TYPES.
ONLY IF IT IS ESSENTIAL TO MAXIMIZE
STRENGTH DO SUCH FACTORS AS LIME TYPE
AND LIME PERCENTAGE BECOME HIGHLY SIG-
NIFICANT. HIGHER STRENGTHS WERE OB-
TAINED BY INCREASING THE CURING PERIOD
LENGTH.
OPTIMUM LIME CONTENTS (PER CENT
LIME FOR MAXIMUM STRENGTH) WERE AFFECTED
BY CURING PERIOD, LIME TYPE, AND SOIL
PROPERTIES.
THE STUDY INDICATED THAT THE
PLASTICITY, SHRINKAGE, AND WORKABILITY
PROPERTIES OF ANY FINE-GRAINED SOIL ARE
SUBSTANTIALLY IMPROVED BY LIME TREAT-
MENT, AND HIGH STRENGTH LIME-SOIL MIX-
TURES CAN READILY BE OBTAINED WHEN
REACTIVE SOILS ARE STABILIZED WITH
QUALITY LIME.
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Lime has been widely and successfully
used as a soil stabilizing agent. Typical
applications include subgrade stabilization,
base course and subbase stabilization, plas-
ticity and workability modification, use as a
drying agent, etc.
Other than a few experimental test
sections (1, 2)* throughout the state and
some small projects, lime has not been exten-
sively used in Illinois as a soil stabilizer.
Consequently, little specific information is
available concerning lime treatment of
representative Illinois soils.
In order to effectively and economically
utilize lime as a stabilizer for Illinois
soils, certain essential information is re-
quired relative to the following items;
(1) Effect of lime on soil strength,
plasticity, and workability properties.
(2) Influence of soil properties on
lime-soil reactions.
(3) Significance of lime type and treat-
ment percentage.
(4) Effect of curing period on lime-soil
reactions.
The Department of Civil Engineering with
the sponsorship of the Illinois Division of
Highways and the Bureau of Public Roads has
been conducting lime-soil research since 1960
for the purpose of investigating the problem
*Superscript numbers in parentheses refer
to entries in Chapter VIII, References.
areas described above. The early phases of
the work were directed to determining the
influence of natural soil properties on lime-
soil reactions and evaluating the effect of
lime on strength and plasticity. Selected
Illinois soils and one lime, a commercially
produced high calcium hydrated product, were
used in the early work. These early investi-
gations are described in detail in References
3 and 4.
B. STUDY OBJECTIVES
The investigation described in this re-
port was developed to study the influence of
lime type, lime percentage, and curing period
on lime-soil reactions. The study consisted
of a literature survey and a comprehensive
laboratory testing program.
C. STUDY SCOPE
The thirty-nine representative Illinois
soil samples utilized in the study were from
throughout Illinois and included loess,
Wisconsinan Till, and Illinoian Till-derived
soils.
Three lime types commercially available
in Illinois were used at different percentage
treatment levels with the soils. Curing
periods for the lime-soil mixtures were 28
and 56 days at 730F.
Plasticity and strength properties of the
natural and lime-treated soils were determined
for evaluating the effectiveness of the lime
treatments. * * *
II. LITERATURE REVIEW
A. GENERAL
Lime-soil literature through 1960 was
reviewed, annotated, and summarized by Herrin
and Mitchell (5). The review indicated the
beneficial effects of lime stabilization on
the plasticity, shrinkage, workability, and
strength properties of a soil. In general,
the plasticity index was greatly reduced, the
shrinkage limit markedly increased, work-
ability characteristics were improved, and in
many cases, strength was increased. According
to Herrin and Mitchell, the published work
(at that time) was primarily concerned with
the effects of different types and quantities
of lime on various physical properties, pri-
marily strength and plasticity, of the soils
studied. Subsequent work since 1960 has dealt
with the nature of the lime-soil reaction
products and the influence of natural soil
properties on lime-soil reactions.
B. LIME-SOIL REACTIONS
Although little fundamental lime-soil
research was completed at the time of Herrin
and Mitchell's review (1960), the improvements
in engineering characteristics of lime-soil
mixtures were attributed to four basic re-
actions: cation exchange, flocculation and
agglomeration, carbonation, and a pozzolanic
reaction. Significant research advances have
been made since 1960 concerning these basic
reactions and their influence on the proper-
ties of lime-soil mixtures. A discussion of
these basic reactions, based on currently
available literature, is presented below.
C. CATION EXCHANGE
The general order of replaceability of
the common cations associated with soils is
given by the lyotropic series (6) Na+ < K+ <
Ca++ < Mg++. Any cation will tend to replace
the cations to the left of it, and monovalent
cations are usually replaceable by multivalent
cations. The addition of lime to a soil
supplies an excess of Ca++ and cation exchange
will occur, with Ca-++ replacing dissimilar
cations from the exchange complex of the soil.
In some cases the exchange complex is practi-
cally Ca++ saturated before the lime addition
and cation exchange does not take place, or
is minimized.
D. FLOCCULATION AND AGGLOMERATION
The addition of lime to a fine-grained
soil causes flocculation and agglomeration of
the clay fraction. These reactions result in
an apparent change in texture, the clay par-
ticles "clumping" together into larger sized
"aggregates." According to Herzog and
Mitchell (7) the flocculation and agglomera-
tion is effected by the increased electrolyte
content of the pore water and also as a
result of ion exchange by the clay to the
calcium form. Kinter and Diamond(8) have
postulated that the flocculated structure is
stabilized through the rapid formation of
tetracalcium aluminate hydrate cemeting
agents that bond the flocculated particles.
The influence of cation exchange,
flocculation, and agglomeration on the plas-
ticity and shrinkage properties of lime-soil
(3)
mixtures were studied by Thompson . The
study indicated that these reactions are
primarily responsible for the changes in
plasticity, shrinkage, and workability
characteristics of lime-soil mixtures. These
beneficial changes were noted for all soils
studied and relatively small percentages of
lime were required to achieve the changes.
Thompson reported that cation exchange,
flocculation, and agglomeration are not the
basic lime-soil reactions which are respon-
sible for the marked strength increases noted
for many lime-soil mixtures.
E. LIME CARBONATION
Lime reacts with carbon dioxide to form
the relatively weak cementing agents calcium
and magnesium carbonate, depending on the
type of lime used ) Goldberg and Klein
and Eddes and Grim detected the formation
of calcium carbonate when lime treated soils
were laboratory cured in the open air, a
condition conducive to promoting carbonation.
Eades, Nichols, and Grim (12) reported field
conditions where 2.5 per cent of CaCO 3 (by
weight) formed due to the carbonation reaction.
Although carbonation does produce weak
cementing agents, it is an undesirable re-
action and steps should be taken to minimize
carbonation during construction operations
and also following construction.
F. POZZOLANIC REACTION
The pozzolanic reaction referenced in
lime-soil stabilization literature is a re-
action between soil silica and/or alumina and
lime to form various types of cementing agents.
These cementing agents are generally re-
garded as the major source of the strength
increases noted in lime-soil mixtures (3, 13)
Possible sources of silica and alumina in
typical soils include clay minerals, quartz,
feldspars, micas, and other similar silicate
or aluminosilicate minerals.
When a substantial quantity (greater
than approximately 1 per cent) of lime is
added to a soil the pH of the lime-soil mix-
ture is elevated to approximately 12.3, the
pH of a saturated lime solution. This is a
substantial pH increase compared to the pH
(14
of natural soils. Several investigators(14,
15, 16, 17, 18) reported the experimental work
was conducted with forms of silica other than
silicate minerals, the work of Correns (17)
and Krauskopf (14) indicated that the prin-
ciple of increased solubility at high pH was
also applicable to them. According to
Krauskopf (14)
"The weathering of the silicate
minerals is known to contribute
large amounts of silica to solu-
tion, but the mechanism of the
process is uncertain; in the
absence of contrary data, there
seems to be no reason to postulate
any limit to the amount that could
be dissolved short of the equili-
brium solubility of amorphous
silica."
The relation between solubility and pH as
presented by Krauskopf is shown in Figure 1.
Eades (13) hypothesized that,
"The high pH causes silica to be
dissolved out of the structure of
the clay minerals and it combines
with the Ca++ to form calcium
silicates. This reaction will
continue as long as Ca(OH) 2 exists
in the soil, and there is avail-
able silica."
In later work, Diamond, et al. (19) postu-
lated that the reaction processes in the
highly alkaline lime-soil system involved a
dissolution at the edges of the silicate
particles followed by the precipitation of
the reaction products.
The products of lime-soil reactions were
studied by several investigators. The earliest
studies, those of Eades and Grim (11) estab-
lished that the reaction products were
crystalline calcium silicate hydrates. Sub-
sequent work by Eades (13) and Eades, et al.
(12) substantiated the earlier work. Glenn
(20)
and Handy , and more recently, Diamond,
(19)
et al. also indicated that various forms
of calcium silicate hydrates were formed as a
consequence of lime-soil reactions.
The work of Hilt and Davidson , Glenn
(20) (19)
and Handy , and Diamond, et al.
established that various calcium aluminate
hydrates are also formed in lime-soil re-
actions. This seems quite feasible, as the
severe attack and at least partial decomposi-
tion and destruction of the clay minerals and
other soil minerals by the highly alkaline
environment would liberate not only silica
but also some alumina for reaction with the
lime. In addition, alumina, like silica, is
(16)
more soluble at high pH levels . Basic
reactions in lime-soil mixtures have not been
well established, and Diamond and Kinter (8)
have prepared an interpretive review of the
somewhat conflicting data that has been re-
ported in the literature.
Many factors influence the lime-soil
pozzolanic reaction. Important factors in-
clude natural soil properties, lime type,
lime percentage, curing conditions, and
density.
1. Natural Soil Properties
In an extensive study of typical Illinois
soils, Thompson (4) found that the ability of
a soil to participate in the lime-soil
pozzolanic reaction was determined primarily
by natural soil properties. Thompson measured
the degree to which the lime-soil pozzolanic
reaction proceeded in terms of lime-reactivity
which was defined as the difference in the
unconfined compressive strengths of the
natural soil and the maximum strength develop-
ed by a 3, 5, or 7 per cent lime-soil mixture
after a 28-day curing period at 730 F. Some
soils did not display significant reactivity
and others reacted to produce strength in-
creases ranging up to several hundred per
cent. Pertinent findings of Thompson's work
are summarized below:
(1) Soil organic matter retarded the
pozzolanic reaction if it was present in
large quantities. None of the A horizon soils
reacted with lime and some of the B horizons,
particularly Brunizems with organic carbon
contents greater than approximately 1 per cent,
also did not react. The retardation of the
reaction was attributed to a "masking effect"
of the organic matter on the clay surfaces
and/or an organic matter chelation reaction.
Figure 2 shows the relation established for
lime-reactivity and organic carbon content.
(2) Although < 2 p clay contents ranged
from 7 to 65 per cent, it did not significant-
ly influence lime-reactivity. However, some
minimum quantity of clay is required to
provide adequate silica and/or alumina sources
for the pozzolanic reaction.
(3) Clay mineralogy also effected lime-
reactivity; mixed layer and montmorillonitic
clays were most reactive.
(4) Soil chemical properties greatly
influenced lime-reactivity. Highly signifi-
cant correlations were obtained between
natural soil pH and lime-reactivity. As
illustrated in Figure 3, higher pH values
indicated a larger lime-reactivity. Soils
with pH below approximately 7 had lime-
reactivities less than 100 psi. Cation ex-
change capacity, exchangeable bases, per cent
base saturation, and Ca/Mg ratios were not
significantly correlated with lime-reactivity.
The better reactivities of the higher pH soils
were attributed to reduced weathering status
of the soil minerals.
(5) Natural soil drainage was a good
indicator of lime-reactivity. B horizon soils
with poor natural drainage displayed higher
levels of lime-reactivity than better drained
soils. All of the Humic-Gley soils, which are
poorly drained, included in the investigation
reacted very well. The increased reactivity
of the poorly drained soils was attributed to
minimal weathering of the soil minerals, thus
the soil was a ready source of reactive silica
and/or alumina. It was established that in-
creased weathering and ferric oxide coatings
on the soil mineral surfaces were responsible
for the low reactivity of the better drained
soils.
(6) There was a significant influence
of horizon (A, B, C) on lime-reactivity. A
horizons did not react to any extent; B hori-
zons displayed variable lime-reactivities
depending on organic carbon content, natural
drainage, and pH and C horizon soils generally
reacted satisfactorily with lime-reactivities
greater than 50 psi.
(7) All calcareous soils, loess, and
tills, included in the investigation reacted
very well and exhibited an average lime-
reactivity of approximately 100 psi.
(8) It was demonstrated that for the
many soils included in the investigation, it
was possible to quantitatively estimate soil
lime reactivity based on natural soil
properties.
The results of Thompson's study clearly
indicate that the lime-soil pozzolanic re-
action is very complex and is influenced by
many properties and characteristics of the
soil. It is probable that in many soils the
influence of several soil properties may be
operating simultaneously. Because of this
possibility, it is difficult to differentiate
or quantitatively evaluate the importance of
any one of the properties.
2. Lime Type
Many investigators (22, 23, 24, 25) have
indicated that lime type significantly in-
fluences the lime-soil pozzolanic reaction.
Monohydrated dolomitic limes generally pro-
duced greater strengths than hydrated calcitic
limes. Remus and Davidson (25) concluded from
their study of nine soils that dolomitic
limes produced higher strengths for montmo-
rillonitic and illitic soils, but kaolinitic
soils neither dolomitic nor calcitic limes
consistently produced higher strengths.
Wang, et al. (24) showed that the use of
different brands of monohydrated dolomitic
lime produced substantial variation in
strength, but fairly consistent strengths
were obtained with all brands of calcitic
lime used.
Although the literature generally indi-
cated that dolomitic limes were superior to
calcitic limes, in some instances calcitic
limes produced higher strengths. Other than
the work of Remus and Davidson (25) satis-
factory criteria have not been developed for
determining whether a soil would react better
with dolomitic or calcitic limes.
3. Lime Percentage
In most cases, for given curing condi-
tions, a soil will achieve a maximum strength
at some optimum lime content or will reach a
lime content beyond which further increases of
treatment level will not produce a significant
strength increase. Remus and Davidson (25)
found that optimum lime contents are generally
higher for dolomitic than for calcitic limes.
The soil characteristics that significantly
influence optimum lime contents have not been
established, but they probably encompass such
factors as chemical, physical, and mineralogi-
cal properties. The literature indicated
that optimum lime contents will vary depending
on soil type, lime type, curing period, curing
temperature, and possibly other factors.
4. Curing Conditions
Herrin and Mitchell indicated in
their literature survey that increased curing
time and elevated temperatures produced sub-
stantial strength increases in lime-soil
mixtures. Reports of other investigators
published subsequent to their work further
(26)
substantiates this fact. Thompson has
presented data, see Figure 4, showing the
influence of time and temperature on the
strength of a typical Illinois soil.
5. Density
Density of the compacted material also
influences the cured strength of a lime-soil
mixture. As stated by Herrin and Mitchell ,
"The strength of a lime-soil mixture
is increased materially when the
mixture is compacted to a higher
unit weight by a greater compactive
effort."
With some mixtures, increasing the compactive
effort from standard to modified AASHO eleva-
(25)
ted the strength more than 100 psi
G. SUMMARY
The literature indicated that four basic
reactions (cation exchange, flocculation and
agglomeration, lime carbonation, pozzo.lanic
reactions) effected substantial changes in the
engineering properties of lime-soil mixtures.
Cation exchange, flocculation, and agglomera-
tion are primarily responsible for the
alterations of plasticity, shrinkage, and
workability characteristics. Although lime
carbonation may contribute slightly to
strength increases of the lime-soil mixtures,
the pozzolanic reaction mechanism is regarded
as the prime contributor.
Lime-soil pozzolanic reactions are in-
fluenced by many factors and a given lime-
soil mixture can display wide strength
variation depending upon prevailing conditions.
There are soils that do not display sub-
stantial lime-reactivity regardless of lime
type, curing period, compaction effort, etc.
III. MATERIALS
A. SOILS
In order to obtain samples representative
of a substantial percentage of Illinois soils,
it was necessary to sample the more extensive
and prevalent soil types. The major parent
materials of Illinois surficial soils are
loess and Wisconsinan Till. In those areas
of the state where the loess cover is thin,
as in southern Illinois, the underlaying
Illinoian Till is frequently encountered in
highway construction operations.
The sampling program was planned to
provide coverage of all these major parent
materials and profiles developed in them.
Since lime is used primarily with fine-
grained soils, coarse-grained materials were
not included in the investigation. Surficial
soils derived from loess and Wisconsinan Till
were samples based on pedologic soil types
and in many cases A, B, and C horizons were
obtained for a given soil type. Illinoian
Till samples and weathering profiles developed
in the till were selected and sampled on the
basis of previous work by the Illinois State
(27)
Geological Survey * A concise summary of
the properties of the major Illinois soils
(28)
has been presented by Thompson
Sampling operations were carried out with
the cooperation of the Soil Survey Section
of the University of Illinois Agronomy Depart-
ment. Special effort was taken to insure that
representative samples were obtained. Table 1
lists the soils included in the sampling pro-
gram and selected information concerning them.
Soil processing consisted of air-drying
the samples and then pulverizing them in a
Lancaster mixer equipped with a muller. The
soil was screened over a #4 sieve and stored
for subsequent use. In most cases, little
material was retained on a #4 sieve.
The soils were extensively analyzed to
determine selected physical, chemical, and
mineralogical properties. Those properties
determined and the test procedures utilized
are presented in Table 2. A tabulation of
the test results is given in Table 3.
B. LIMES
Three lime types commercially available
in Illinois were selected for the investiga-
tion. They included a hydrated calcitic lime,
a monohydrated dolomitic lime, and a by-
product hydrated calcitic lime.
The dolomitic and hydrated calcitic limes
were produced by conventional processes. The
by-product calcitic lime was produced in the
manufacture of acetylene gas from calcium
carbide and had been spray-dried.
Upon receipt from the producer, the lime
was stored in sealed one-gallon cans to pre-
vent carbonation. The limes were all in a
dry powdered form and were easily handled and
mixed.
Pertinent properties of the lime as pro-
vided by the respective producers are shown in
Table 4. 0 0 0
IV. LIME TREATMENT OF SOILS
Hydrated calcitic lime (lime A) was the
primary lime used in the investigation. The
monohydrated dolomitic (lime B) and the by-
product calcitic (lime C) were used in the
phase of the investigation concerning lime-
type effect. All of the soils were treated
with lime A, but only selected soils with
limes B and C. Treatment levels were based
on per cent of dry soil weight.
A. PLASTICITY TESTS
The liquid, plastic, and shrinkage
limits were determined according to AASHO
designations T89-60, T90-56, and T92-42,
respectively. The lime-soil mixtures were
prepared by thoroughly mixing the lime and
soil in the dry state and then adding water
under continuous mixing. The plasticity
tests were conducted after the mixture had
been allowed to stand in a covered container
for approximately one hour.
All of the soils were treated with 3
per cent lime A and the Atterberg limits of
the mixture determined. Treatment levels of
5 and 7 per cent lime were used only if the
lime-soil mixture at the lower treatment
level(s) were not nonplastic. Lime percen-
tages did not exceed 7 per cent in any case.
Selected representative soils were then sub-
jected to similar treatment levels with limes
B and C. Test results are presented in
Table 5 and results for the natural soils are
included for comparison.
Shrinkage limit tests were conducted on
all soils treated with 3 and 5 per cent lime
A. One per cent treatment levels of lime A
were used with soils that were noncohesive at
the 3 per cent level, and in some cases 7 per
cent treatment levels were used to examine
the influence of higher treatment levels.
Three, 5 and in some instances 7 per cent
additions of limes B and C were used with
selected soils to evaluate the effect of lime
type on the shrinkage limits of lime-soil
mixtures. The test results are summarized
in Table 6.
B. STRENGTH TESTS
Unconfined compressive strength was used
as a measure of the pozzolanic reaction that
occurs to varying degrees with different
lime-soil mixtures. The compressive strength
of a lime-soil mixture is commonly used as an
indication of its quality, and Thompson(29,
30) has shown that many significant engineer-
ing properties of lime-soil mixtures readily
correlate with unconfined compressive strength.
The specimens were compacted at their
optimum moisture contents as determined by
moisture-density tests. The moisture-density
relations of the natural soils were deter-
mined according to AASHO designation T99-57,
Method A. The moisture-density relations for
the lime treated soils were determined in a
manner similar to those described in AASHO
T99-57 except that 4-inch molds 2 inches in
diameter were used and the compactive effort
was 20 blows of a 4-pound hammer having a
12-inch drop. This compactive effort produced
maximum dry densities and optimum moisture
contents similar to those obtained from AASHO
T99-57, Method A.
Specimens of the natural soils and lime-
modified soils were prepared using 4-inch
molds 2 inches in diameter. Natural soils
were thoroughly mixed with the required amount
of water and then molded. The lime and soil
were thoroughly mixed in the dry state, and
mixing continued while the proper amount of
water was added. The lime-soil mixture was
then covered and allowed to stand for approxi-
mately one hour before specimens were
compacted.
Specimens were molded in three equal
layers with each layer receiving a compactive
effort of 20 blow of a 4-pound hammer dropping
12 inches. Each layer was scarified to pro-
vide bond between the adjacent layers. After
proper trimming, the specimens were extruded.
Specimens were made in series, each series
consisting of eight specimens molded from the
same mixture. Previous experience with lime-
soil mixtures at the University of Illinois
indicated that a series of eight specimens
provided an average with confidence limits of
+ 7 per cent (95 per cent probability level).
The series of specimens were placed in
one-gallon cans and the lids sealed with
Permatex to prevent the loss of moisture from
the specimens. The specimens were cured in a
constant temperature room at 73°F. Natural
soil specimens were cured for 7 days to allow
for thixotropic effects, and the lime-soil
specimens for 28 and 56 days. Moisture
content at the end of the curing period was
approximately the same as compaction moisture
content.
At the end of the curing period the
specimens were tested in unconfined com-
pression using a Riehle hydraulic testing
machine with a constant rate of deformation
of .05 inches per minute. The maximum load
was recorded and moisture samples were taken
from the specimens after testing. The
average of the eight specimens was recorded
as the unconfined compressive strength.
Three factors in addition to soil type
were varied in the strength studies. The
factors considered were lime type, lime
percentage, and curing period.
All of the soils were treated with 3, 5
and 7 per cent lime A and cured for 28 days.
Test results for the 28-day curing were
evaluated and those lime contents that
appeared to produce the maximum strength were
determined. Additional series of specimens
were molded at those lime contents and cured
for 56 days. Since the A horizon soils did
not display a significant reaction during the
28-day curing period, additional specimens
were not prepared for 56-day curing.
Selected soils, those that displayed a
substantial level of lime-reactivity with
lime A, were treated with 3, 5 and 7 per cent
limes B and C and were cured for 28 and 56
days.
A complete summary of compressive
strength test results for the natural and
lime-treated soils is presented in Tables 7




Plasticity properties of the natural
soils included in the study displayed a wide
range. Liquid limits varied from 62.2 to
24.5; plasticity indices from 35.7 to non-
plastic; and shrinkage limits from 33.5 to
10.7. Lime treatment markedly decreased the
plasticity indices, and in many cases, 3 per
cent treatment produced a nonplastic mixture.
Shrinkage limits were increased by lime treat-
ment and some soils became noncohesive.
Workability was not directly measured,
but the reduced plasticity indices, increased
shrinkage limits, and the silty and friable
texture of the mixtures indicated beneficial
changes in workability.
2. Plasticity Index
The effect of lime type was evaluated in
a randomized complete block statistical
analysis of the plasticity indices for 3 per
cent lime treatment levels. Nonplastic con-
ditions were assigned a value of 0 in the
analysis. Statistical results are presented
in Table 9. Although the average values indi-
cate the superiority of lime A there is not a
statistically significant difference among
the different lime types.
It was not possible to make lime type
comparisons at higher treatment levels since
many of the lime-soil mixtures were nonplastic
after a 3 per cent treatment, but increased
lime percentages generally produced further
plasticity index reductions. Table 10 shows
the amount of lime required to render the
various soils nonplastic, or if the soil
retained a degree of plasticity at the 7 per
cent treatment level, the plasticity index of
the 7 per cent lime-soil mixture. Since
treatment levels were varied in 2 per cent
increments, it was felt that the data present-
ed in Table 10 was not particularly amenable
to statistical analysis. However, the results
indicate that higher average percentages of
limes B and C are required to produce a non-
plastic condition and that more lime-soil
mixtures with limes B and C are still plastic
at the 7 per cent treatment level. Based on
Table 10, the limes would rank A, B, C in
decreasing order of effectiveness for re-
ducing soil plasticity. Other investigations
(31) have indicated similar results.
3. Shrinkage Limits
Randomized complete block analyses of the
data, see Tables 11 and 12, were utilized to
evaluate the influence of lime type and per-
centage on the shrinkage limits of lime-soil
mixtures. The results show that increased
lime treatments, from 3 to 5 per cent, pro-
duced small but statistically significantly
differences. Different lime types, used at
the same treatment levels did not produce
statistically significant test result variations.
B. COMPRESSIVE STRENGTH
1. General
The unconfined compressive strengths of
the natural soils included in the investiga-
tion varied from 22 to 105 psi. Lime-soil
mixture strengths varied widely, depending on
the soil, lime type, lime percentage, and
curing period. The strength of a lime-soil
mixture is not a constant value, but varies
in response to changes in the above factors.
As indicated in the literature survey,
not all soils react with lime to produce
significant strength increases. Soil type is
the most important factor influencing lime-
soil reactions and if a soil is nonreactive,
substantial strength cannot be developed.
If lime-soil mixtures are to be effec-
tively utilized as a pavement material, it is
essential to understand the relative impor-
tance and effects of such factors as lime
type, lime percentage, and curing period.
2. Lime Type, Lime Percentage, and Curing
Period
The effects of the above factors on
lime-soil mixture compressive strengths were
evaluated in a randomized complete block
factorial design. Three lime types (A, B, C),
three lime percentages (3, 5, 7), and two
curing periods (28 and 56 days at 730F) were
utilized. Seventeen lime-reactive soils,
representing typical Illinois materials, pro-
vided experimental replication. The factorial
design was chosen not only to explore the
influence of the major factors (lime type,
lime percentage, and curing period) but also
to evaluate the interaction between factors,
i.e., do all lime types show the same
response to change in lime content, etc. Only
lime-reactive soils were included in the
analysis since strength is not a major
consideration in determining the appropriate
lime treatment for nonreactive soils.
Average strengths for different treat-
ment combinations and the results of the
factorial analysis are presented in Table 13.
Lime type, lime percentage, and curing period
were significant factors (cr = .05). Inter-
action between lime type and lime percentage
was also significant, indicating that all
lime types did not show the same response to
lime percentage changes.
Duncan's Multiple Range test was used to
determine which averages were significantly
different. The results showed:
(1) significant differences between the
average strengths of all three lime types.
(2) significant differences between 3
and 5 per cent, but no significant differences
between 5 and 7 per cent treatment levels.
(3) significant differences between 28
and 56 days curing periods.
In summary, the analysis indicated that
the lime types ranked in the descending order
of B, C, A; 5 and 7 per cent treatments pro-
duced greater strengths than 3 per cent, but
there was no significant strength difference
between 5 and 7 per ce t; and 56 day strengths
were larger than 28 day strengths.
It is emphasized that the analysis is
based on the average response of the seven-
teen soils and data for any one particular
soil may deviate from the average.
3. Optimum Lime Content
It has been noted by many investigators
that the lime percentage-strength curves for
a given soil and curing conditions (time,
temperature) peak out at some optimum lime
content, i.e., increased lime percentages do
not necessarily produce increased strength.
Although Jambors work (32) has indicated that
excessive lime may increase the porosity and
reduce the strength of lime-pozzolan reaction
products, little is currently known about the
factors influencing optimum lime content.
Optimum lime content is primarily a
question relevant to those soils that display
good reactions with lime. Only with these
soils is an attempt normally made to develop
maximum strength response.
Two factors are of major concern with
regard to the optimum lime content question.
First, is optimum lime content different for
various lime types, and secondly, does optimum
lime content change if the curing period (for
a given temperature) is increased?
Twenty-one lime-reactive soils were in-
cluded in the optimum lime content study. All
soils were treated with 3, 5, and 7 per cent
lime, three lime types (A, B, C), and 28 and
56 day curing periods at 730 F were utilized.
For each soil, the optimum lime percen-
tage was determined for each combination of
lime type and curing period."t" test (a = .05)
comparisons of the 3, 5, and 7 per cent
strengths indicated the optimum lime percen-
tage above which further lime content in-
creases did not produce statistically differ-
ent strengths. Test results are summarized
in Table 14.
In the analysis of the optimum lime
content data, it was difficult to employ
statistical procedures since the incremental
increases of 2 per cent (3 to 5 to 7) did
not permit a precise determination of the
true optimum lime content.
For most of the soils, the optimum lime
content remained the same or increased when
the curing period was changed from 28 to 56
days. The average values, see Table 14, show
a slight increase in optimum lime content for
limes A and C when the curing is lengthened,
but the 28 day and 56 day averages are the
same for lime B. For a given curing period,
the average values are approximately the same
for the high calcium limes (A and C), but
the dolomitic lime average, lime B, is
slightly higher.
For a given lime type and curing period
it was possible to group the soils according
to their optimum lime percentage. Using
analysis of variance techniques, statistical
comparisons were made to determine if there
were significant differences (a = .05) in the
natural soil properties for those soils with
different optimum lime contents. Of the soil
properties considered (< 2 micron clay
content, liquid limit, plasticity-index,
group index, organic carbon, pH, cation ex-
change capacity, exchangeable cations, total
exchangeable bases, Ca/Mg ratio, base satura-
tion, and clay mineralogy) the only consistent
trend appeared to be correlated with natural
soil pH and per cent base saturation. High
pH and base saturation soils displayed lower
optimum lime contents.
4. Strength Increases with Curing
When a lime-reactive soil is treated,
increased curing generally produces a stronger
mixture. However, the magnitudes of the
strength increases obtained are quite variable.
Some soils show a large strength gain, 100
psi or so, while others do not respond to any
extent when subjected to extended curing.
Data from this investigation were ana-
lyzed to determine the influence of lime type
and percentage on the 28 to 56 day strength
increase and a correlation analysis was made
to determine what soil properties effect the
magnitude of this strength increase.
Table 15 summarizes strength increase
data for seventeen lime-reactive soils
treated with various percentages of different
lime types. Randomized complete block
factorial analysis of the data is presented
in Table 16. The analysis indicates that
l ime percentage, but not l ime type is a
significant factor influencing strength
increase. Duncan's multiple range tests show
that the average strength increase for 5 and
7 per cent treatments are significantly
larger than for 3 per cent.
The strength increases for the 5 and 7
per cent treatments of limes A, B, and C were
therefore, averaged for each soil to provide
an average response to increased curing.
Simple correlation coefficients between the
average response and the properties of the
natural soils were determined, see Table 17.
The only soil properties significantly
correlated (a = .05) were lime-reactivity
and organic carbon content.
Lime-reactivity, as defined by Thompson
(4)
, is a measure of the ability of a soil to
react with lime to achieve a strength in-
crease after a 28-day curing period at 73°F.
Thus, if a soil provides a good initial re-
action, substantial strength increases can be
expected to develop during the 28- to 56-day
curing interval. Increased organic carbon
contents tend to retard the lime-soil re-
action and, therefore, strength gain with
increased curing is not pronounced. *
VI. DISCUSSION
A. PLASTICITY
Although all lime types substantially
reduced plasticity index, the test data indi-
cated that high calcium, hydrated lime (lime
A) was most effective. If a soil remained
plastic after a 3 per cent lime treatment,
further plasticity index reductions were
achieved at higher treatment levels although
(3)
as other studies have shown, the first
increments of lime were most effective.
Substantial shrinkage limit increases
were obtained with all lime types at various
treatment levels. Little additional benefit
was obtained by increasing the treatment level
from 3 to 5 per cent. For similar treatment
levels, all of the lime types produced approx-
imately the same shrinkage limit increases.
Although lime contents less than 3 per
cent were not extensively used in this study,
treatments as low as I per cent may be very
effective with certain soils.
In summary, all of the treatment combina-
tions (lime type and lime percentage) studied
produced substantial improvement in soil
plasticity and related workability properties
although lime A was slightly more effective.




Many factors (soil type, lime type, lime
percentage, curing conditions) influence the
strength of cured lime-soil mixtures. Con-
sequently mixture strength is not a "static'
value, but variable. If an adequate level of
lime treatment is to be determined, an aware-
ness of the major factors affecting mixture
strength is essential.
If a reactive soil is to be stabilized,
good results can be obtained with normal
applications (3 to 7 per cent) of a quality
lime. It is only in those circumstances when
it is desirable to maximize strength that all
of the factors assume significance.
It is generally accepted that the strength
of cured lime-soil mixtures is dependent on
the development of various hydrated calcium
silicates and calcium aluminates. These
cementitious reaction products bond the soil
particles or "aggregates of particles" to-
gether into a strong compact mass. Eades
(12)
et al. have detected this bonding in
microscopic studies of samples from field
lime sections. Therefore, lime-soil mixture
strength variations are partially attributable
to the quantity and/or quality of the
cementitious reaction products and the number
of cemented contact points. As indicated by
(8)Diamond and Kinter , basic lime-soil
reaction mechanisms have not been firmly es-
tablished. Consequently, definite and satis-
factory explanation of the experimental data
from this study cannot be offered. However,
this does not detract from the validity of
the experimental observations previously
presented regarding the factors intluencing
strength.
2. Optimum Lime Content
In contrast to some soil stabilization
procedures, increased lime content does not
always increase mixture strength. As indica-
ted by the experimental data, a given soil has
an optimum lime content for the development
ot maximum strength when cured under fixed
conditions of time and temperature. For the
representative Illinois soils utilized, the
optimum lime contents (for the conditions
studied) were normally between 3 and 7 per
cent. The optimum values did not appear to
be related to natural soil properties such as
plasticity or clay content, but were influ-
enced by soil pH and per cent base saturation.
High pH and per cent base saturation, charac-
teristic of relatively unweathered soils,
generally indicated a lower optimum lime
percentage. However, this trend was not
evident for all combinations of lime types
and curing periods. With the more weathered
soils (low pH, low per cent base saturation)
a larger quantity of lime would be required
in the base exchange reaction initiated by
the lime addition and, therefore, it may be
hypothesized that additional lime (higher
optimum lime percentage) would be required to
promote the lime-soil pozzolanic reaction.
The fact that the more readily reactive soil
silica and/or alumina has been weathered from
the low pH soils may also be significant.
Because of the interaction among these
factors (optimum lime content - curing
temperature - curing time) the concept of an
I"optimum lime content'' is somewhat nebulous.
Since curing conditions influence lime-
soil mixture strength as well as "optimum lime
content," it is obvious that careful con-
sideration of the project's stabilization
objectives is essential in the proper
selection of laboratory curing conditions for
mixture design operations.
3. Lime Type
Although lime type was a significant
factor influencing strength, it is difficult
to assess the importance of the strength
differences observed. In conditions where
the lime-soil mixture is used as a structural
material, the differences may be of concern,
but in those stabilization situations where
the main objectives are plasticity reduction,
drying action, and workability improvement,
strength considerations may be secondary. It
is emphasized that the influence of lime type
detected in this study might be different for
different soil types, parent materials, etc.
Consequently, the results of this study cannot
be applied indiscriminately.
The proper selection of a lime type is
not a simple task, but should include an
evaluation of economics and over-all stabili-
zation objectives. It is stressed that
improvements in soil plasticity and work-
ability properties are always obtained when
fine-grained soils are treated with lime, but
marked strength increases are not always
attained. It is important to note that these
improvements are secured with all high quality
limes; lime type only slightly affects the
stabilization benefits.
4. Strength Increases with Curing
The concept of continuing strength in-
crease with time is important in the
evaluation of a lime-soil mixture. Strength
increases help off-set repeated load effects
(fatigue) and also may be salient with
respect to "healing effects" that may occur
in a mixture after cyclic wetting and drying
or freeze-thaw action.
For the soils in this investigation,
higher lime contents, 5 and 7 per cent,
favored strength increases with curing but
lime type did not prove to be a significant
factor. Soils that reacted well during
initial curing (28 days at 73°F) normally
continued to gain strength as curing was
extended. Eades (13) has emphasized that the
strength producing pozzolanic reaction should
continue as long as lime and available silica
are present in the lime-soil system. Thompson
(26) has presented data, see Figure 4, for
the Ottawa AASHO Road Test subgrade soil (a
calcareous, Wisconsinan Till, see Table 3,
soil reference number 32) that shows a con-
tinuing strength gain for 3 per cent lime
treatment even after 75 days curing at 120°F.
The data did not reflect any leveling off
trend which would indicate that the reaction
was subsiding and the maximum compressive
strength at 75 days curing was 1,033 psi.
Although Illinois does not have long time
strength records on field lime projects,
Dawson and McDowell (33) have reported in-
stances where Texas lime projects continue to
gain in strength after ten years in service.
Other cases of field strength gain have been
recorded by many investigators, so similar
gains under field conditions would be expect-
ed for representative Illinois soils. *
VII. SUMMARY AND CONCLUSIONS
Lime-soil mixture properties (plasticity
and strength) are influenced by many condi-
tions: soil type, lime type, lime percentage,
curing period, etc.
(1) For all of the fine-grained soils
studied, workability increased and plasticity
properties were substantially reduced by lime
treatment. Lime type did not greatly in-
fluence the results, but lime A (high calcium
hydrated) was somewhat more effective. In-
creased lime percentages generally caused
further reductions in plasticity index and
small shrinkage limit increases. The experi-
mental results definitely show that all fine-
grained soils can be successfully treated
with lime to achieve plasticity reductions,
irrespective of the chemical and mineralogi-
cal properties of the soil.
(2) Many factors influence the magni-
tude of the strength increases obtained with
lime treatment of soils. Soil type as re-
lated to chemical, mineralogical, and physi-
cal properties is the most important factor.
If a soil is reactive, the lime-soil reaction
(as evidenced by a strength increase) is
readily achieved with normal quantities (3 -
7 per cent) of any high quality lime. Only if
it is desirable to maximize strength do such
factors as lime type, lime percentage, etc.,
become highly significant. Based on this
study, the following factors are important
in lime-soil reaction strength development:
(a) There was a significant in-
fluenr, of lime type. The limes rankea
B, C, A, in descending order.
(b) Lime percentage produced
significant effects. Treatments of
5 and 7 per cent were superior to 3
per cent.
(c) Curing time (days at 73oF) was
a significant factor. Fifty-six-day
strengths were larger than 28-day
strengths.
(d) Optimum line content (per cent
lime for maximum strength) was influenced
by curing period, lime type, and soil
properties. Longer curing, 28 to 56
days at 73°F, increased optimum lime
content. Optimum lime contents for lime
B, a dolomitic lime, were higher than
for the calcitic limes, A and C. Soils
with low pH and low per cent base
saturation appeared to require higher
optimum lime contents, but the trend
was not evident for all lime types and
curing periods.
(e) Strength increase with curing
(from 28 to 56 days at 73°F) .as in-
fluenced by lime percentage but not
lime type. Strength increases obtained
with 5 and 7 per cent treatments were
significantly greater than those ob-
tained with 3 per cent treatment. Lime
type did not influence the magnitude of
the strength increases achieved.
(f) If a soil displayed a good
initial reaction with lime (28-day
strength) subsequent strength increases
generally were attained with extended
curing. Organic carbon in the soil
tended to retard strength development
with time.
PRACTICAL SIGNIFICANCE OF STUDY RESULTS
It is apparent that lime-soil reactions
are complex and are influenced by many
factors as discussed throughout this report.
The complexity of the reactions should not,
however, limit the practical field applica-
tions of lime stabilization. Plasticity,
shrinkage, and workability properties of any
fine-grained soil are substantially improved
by lime treatment and lime-soil mixtures of
high strength can readily be attained when
reactive soils are stabilized with quality
lime. * * *
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FIGURE 3. INFLUENCE OF pH ON LIME-REACTIVITY
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FIGURE 4. INFLUENCE OF CURING TEMPERATURE ON STRENGTH
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Natural Per Cent Lime A Per Cent Lime B Per Cent Lime C














































43 126 126 136 261 219 283 179 254 181
52 255 282 254 234 402 389 319 336 313





137 243 267 216









1 - Wisconsinan calcareous silt loam till; used as embankment soil at the Ottawa AASHO
Road Test.
TABLE 8.
COMPRESSIVE STRENGTH RESULTS -- FIFTY-SIX-DAY CURING PERIOD
Comoressive Strencth. psi








































3 5 7 3
162 231 202 116







5 7 3 5 7
255 229 142 136 123
239 348 103 188 228
298 289 174 244 203
171 155 81 136 111
253 265 212 227 187













191 201 202 334 333 353 342 280 203
385 369 396 296 471 541 423 532 565





--- --- --- --- ---
236 200 244 217 164
313 263 274 260 248





114 149 40 54 48
356 328 213 239 209
--- --- --- --- ---
1 - Wisconsinan calcareous silt loam till; used as embankment soil at the Ottawa AASHO
Road Test.
TABLE 9.
EFFECT OF LIME TYPE ON PLASTICITY INDEX OF LIME SOIL MIXTURES











freedom Q = .05
2, 42 3.22


























LIME PERCENTAGE REQUIRED TO RENDER SOILS NONPLASTIC
Soil Number Lime A Lime B Lime C
2 5% 8.3 a  9.6a
3 3% 5% 3%
4 14.8 a  13.8
a  17.1 a
6 5% 6.1a  7.0a
7 3% 3% 3%
8 5% 5% 5.7 a
9 3% 3% 5%
11 5% 5% 7%
16 3% 3% 3%
17 5% 5% 9.6 a
18 3% 5% 5.9a
22 5% 8.2a  10.6 a
23 5% 7% 7%
24 3% 3% 5%
25 5% 5% 5.3 a
26 3% 5% 5%
27 5% 3% 5.7 a
28 3% 5% 5%
31 3% 5% 8.9 a
33 3% 3% 3%
34 3% 3% 3%
37 3% 5% 3%
Average lime
per cent 3.9 4.3 4.3
Number of mixes
still plastic 1 4 10
Plasticity index for 7 per cent lime treatment
TABLE 11.
INFLUENCE OF LIME TYPE ON SHRINKAGE LIMITS









































INFLUENCE OF LIME PERCENTAGE ON SHRINKAGE LIMITS OF LIME-SOIL MIXTURES

















































COMPRESSIVE STRENGTH -- RANDOMIZED, COMPLETE, BLOCK FACTORIAL ANALYSIS





































* Significant F, a = .05
Compressive Strenqth Averaqes for Various Treatments
Per cent Lime Lime Type Average qu, ps i




- Soil reference numbers, see Table









Soils Included in Analysis



































a Days of curing @ 73F
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COMPRESSIVE STRENGTH INCREASE -- RANDOMIZED, COMPLETE, BLOCK FACTORIAL ANALYSIS


























* Significant F, a = .05
Comoressive Strenqth Increase Averaqes for Various Treatments






SIMPLE CORRELATION COEFFICIENTS FOR AVERAGE STRENGTH
INCREASES AND NATURAL SOIL PROPERTIES
Natural Soil Propertya
Lime-reactivity














Base saturation, per cent
Clay mineralogy (< 21):
Quartz, per cent



























a See Tables 2 and 3 for test procedures and results




